Dispersions of ionic polymer latex (diameter = 600 nm) consisted of 10 to 1000 particles were confined in spherical voids having diameters of several tens pm formed in a hydrogel (agarose) matrix. The system was constructed first by confining the latex dispersions in giant liposomes, immobilizing the liposomes by using the hydrogel matrix, and then removing the liposome membranes from the matrix. The latex particles inside the voids showed an extensive Brownian motion. This system, as a whole, could be regarded as a model system of one superfine particle. The solid-liquid phase transition was examined both for bulk and the confined colloids, by applying confocal laser scanning microscopy and phase contrast microscopy. The salt concentration was 2 pM. In bulk, the solid-liquid phase boundary laid at particle concentration, Cp =1.0 -1.5 vol%. On the other hand, the confined dispersion took a liquid state even at Cp = 2.5 vol%. The present observation might correspond to a size effect for the melting point of a superfine particle system.
Introduction.
The ionic colloidal systems, such as dispersions of colloidal silica and polymer latex, undergo a solid-liquid (order-disorder) phase transition with varying magnitude of an electrostatic interparticle interaction. ' In the solid phase, particles are arranged in bcc or fcc lattice, while in the liquid phase, the colloids take liquid-like (or gas-like) orders.
The colloidal system has substantial experimental advantages in studying the phase transition in general: Firstly, the interaction can be easily tuned in a wide range, by changing, e.g., particle and salt concentrations. Therefore we can readily obtain experimental conditions corresponding to extremely high pressure and/or temperature in an atomic system. Furthermore, a large size of the particle enables us in situ observation of the individual particles and their arrangements, by optical microscopy. Thus, the colloidal system provides a good model for the phase behavior of the atomic system. ' Extensive studies have been reported on the phase behavior of the colloids as the model system. In these previous studies, however, bulk properties of the colloids have been examined. On the other hand, as seen in superfine particles, systems consisted of a small t) Correspondence to: J . Yamanaka.
number of atoms exhibit peculiar properties, which cannot be observed in the bulk systems. For example, it is well known that the melting temperature of superfine particles remarkably decreases with decreasing the particle size. 5), 6) In the present paper, we report construction and phase behavior of a colloidal system consisted of 10 to 1000 particles. This system is prepared by confining the colloidal dispersions in voids formed in a polymer hydrogel matrix. The present system, as a whole, could be regarded as a model system of one superfine particle. Results and discussion. Construction of the confined colloidal system. Fig. 1 shows a schematic drawing of the system we obtained. Dispersions of ionic colloids containing 10-1000 particles are confined in spherical voids (diameter = several tens pm) formed in hyrdogel matrix. Since small molecules can easily diffuse through the gel matrix, we can readily control a composition of the inner medium by changing the outer medium.
The system was constructed by a method represented in Fig. 2 . First, giant liposomes (large vesicles consisted of lipid bilayers) having sizes of several tens pm were prepared according to a method by Darszon et al.,7~ from a cast film of phosphatidylcholine (PC) in an aqueous dispersion of the latex particles. The cast film was made from 1.0 mg/ml chloroform solution of PC (1 ml) in Petri dish (6.0 cm in diameter). After an aqueous solution of the latex (0 .7-2.5 vol%) was added, the sample was kept standingfor 48 hrs. to obtain the giant liposomes. Phase contrast microscopy showed that the latex particles were confined in the inner aqueous phase of the liposomes without aggregation (Unconfined particles were present also outside of the liposomes). The resulted dispersions of liposomes were then diluted with water to reduce particle concentration outside the liposomes, and then mixed with aqueous solutions of agarose. By cooling the solution, gelation of the matrix took place immediately, and the liposomes were immobilized. We observed by microscopy that the particles inside the liposome showed Brownian motion, while those outside the liposomes were fixed by the gel matrix. The sample was then treated by a Triton-X solution to remove the liposome membranes, washed well and stored in water. Completeness of the removal of the PC was confirmed by determining the phosphate concentration in the resulted gel, by a method of Chen et al. 8) Fig. 3 is a phase contrast micrograph for ionic polymer latex (diameter = 600 nm) thus constructed. The confined particles showed an extensive Brownian motion.
Phase behavior of bulk colloid. Phase diagram for the solid-liquid phase transition in bulk was determined by observing the dispersion structure using confocal laser scanning microscope (CLSM) at various particle concentrations, Cp. All the measurements were performed under salt-free condition. The phase transition from the liquid to the solid states was clearly observed with increasing Cp. The salt concentration due to ionic impurities in water was estimated to be 2 pM from electrical conductivity measurements.
Figs. 4a) and 4b) are the CLSM images at Cp =1.0 and 2.0 vol%, showing liquid and solid structures. The micrographs were taken in internal regions of the dispersions (distance from the cover slip = 60 pin). We note that the images of the identical particles in the liquid state were not clearly seen, due to the Brownian motion of the particle. A phase diagram in the bulk system thus obtained is presented in Fig. 4 . The solid-liquid phase boundary laid at Cp =1.0-1.5 vol%.
Phase behavior of confined colloids. The gel The shade around the liposome is due to difference of refractive indices between the liposome and medium. Cs = 2 uM. The confined dispersion took the liquid state, although the particle concentration was much larger than that at the phase boundary in bulk (1.0-1.5%).
(Vol. 77(B), sample including the confined latex dispersions was placed in water with ion-exchange resin beads for several weeks, to remove ionic impurities in the dispersions. Fig.  4c ) demonstrates a phase contrast micrograph for the confined dispersion. Cp = 2.5 vol%, and the void diameter was about 15 pm. Although the Cp value was much higher than that at the solid-liquid phase boundary, the confined dispersion took a liquid state. The present observation appeared to correspond to the size effect for the melting point of the superfine particle system. The number of latex particles in the void (Fig. 4c) was approximately 500, when evaluated from Cp and volume of the void estimated from the CLSM image. We like to note that a diameter of gold particle consisted of 500 atoms is about 2 nm, and can be regarded as a superfine particle. In fact, the melting temperature of gold particle with diameter = 2 nm was 500-700 K,5~ which is much lower than that for bulk gold, 1350 K. Further studies for the phase behavior of the confined colloids, including detailed size dependence of the melting point, are in progress.
Experimental section. Materials. Polystyrene based ionic polymer latex, N-601 (Sekisui Chemical Co., Ltd., Osaka, Japan), was used after thorough purification by dialysis and ion-exchange method, as described elsewhere.2~ 4) The particle surface had a sulfonate and sulfate groups, which gave negative surface charges. The effective charge density determined by means of conductometry was 0.32 pC/cm2.
The water used was obtained by Milli-Q system (type Simpli-Lab, Millipore, Bedford, MA, U.S.A.), and had a conductivity of 0.4 0.6 pS/cm. L-a phosphatidylcholine (from soybean, content =40%) and agarose (grade S) was purchased from Nacalai Tesque Co. (Kyoto, Japan) and Wako Chemicals (Tokyo, Japan), respectively, and used without further purification.
Method.
The electrical conductivity was measured by employing a conductivity meter (DS-12, Horiba, Kyoto, Japan) at 25 °C.
Dispersion structure was observed by an inverted type CLSM (LSM410, Carl-Zeiss, Oberkochen, Germany) with objectives having magnifications of 40x and 63x. Light source was Ar laser having wavelengths of 488 and 364 nm. Specially designed quartz cell with the bottom made of cover slip was used. Mixed bed of ion exchange resin beads (AG501-X8(D), Bio-Rad Labs. Hercules, CA, U.S.A.) were introduced in the cell during observation, to minimize ionic contamination. The distance between the focal plane and the inner surface of the cell wall was 60 pm. Phase contrast microscope (type Optiphoto, Nikon, Tokyo, Japan) with objectives of 40 x was also employed for observing the liposomes and the confined system.
